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1. Introduction
Growing composite waste in manufacturing scrap and end-of-
life products is a global challenge. The focus of this work was on
glass ﬁbre reinforced plastic (GFRP) material, which accounts for
98% of the production volume in the UK and Europe [1,2]. Demand
of GFRP is driven by its lightweight and high strength. While
positive attributes of composite materials are fuelling material
demand, the recyclability of products containing composites at
their end-of-life stage is a critical issue, e.g. considering the EU
End-of-Life Vehicle (ELV) Directive (2000/53/EC). The directive
mandates that from 2015, 85% by weight of end-of-life vehicle
waste has to be recyclable [3]. Additionally, the Directive on
Landﬁll of Waste (1999/31/EC) limits the amount of organic
material that can be disposed to landﬁll [4]. The current main
disposal route for composite waste is landﬁll [5,6]. Development of
composite recycling technology needs to be geared up in parallel
with the growing importance of ﬁbre composite applications.
Unlike monolithic material, the heterogeneous nature of
composite materials makes recycling very challenging. While
thermoplastic composites can be easily melted and reshaped [7],
thermoset composites have cross linked 3D structures and require
special processes for material recovery. Composite recycling
technologies are categorised into thermal, mechanical, chemical,
electrical, biotechnological and electrochemical processes. Shred-
ding is a pre-treatment stage for most methods to reduce size of
composite waste to in order to ﬁt into a recycling machine or
GFRP is signiﬁcantly cheaper and has higher demand compa
to carbon ﬁbre reinforced plastics (CFRP). For this reason, ra
recycling technologies are required and high voltage fragmen
tion (HVF), a relatively new recycling technology is considere
Table 1
Current status of ﬁbre composite recycling technologies.
Process Description and current status
Biotechnological  Microorganisms used to degrade matrix
 Limited availability even at laboratory scale [9
Chemical  Solvents (water, alcohol and acid) used to brea
matrix bonds at usually elevated temperature an
pressure levels
 Most research conducted at laboratory scale w
focus on carbon ﬁbre composites
 Supercritical hydrolysis was conducted in a pil
plant by Panasonics Electric Works Co. Ltd. [10]
Electrochemical  An electrical current is applied through an
electrolyte solution to degrade composite matrix
 Limited availability even at laboratory scale [1
Fluidised bed  Matrix decomposition through ﬂuidised air at 
given temperature
 Process investigated at a pilot scale [12]
High voltage
fragmentation (HVF)
 High voltage creates pressure waves along plas
channels to disintegrate materials in water
 Laboratory and pilot scale machine are availab
e.g. from SELFRAG [13]
Mechanical  Size reduction and separation into powder and
ﬁbrous fractions
 Operating at commercial scale with wide range
potential applications available [14]
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Global increase of composite waste urgently requires innovative recycling technology. The t
dimensional cross-linked structure makes melting and remoulding of thermoset composite imposs
In this study, high voltage fragmentation, originally conceived for fracturing rocks was investigated
potential process for composite recycling. It was then benchmarked against its competitor, mechan
recycling. The investigation covered effectiveness in separating composite phases, energy demand
recyclate quality. The work is a new contribution to the performance evaluation of key technologie
rapid recycling glass ﬁbre thermoset composites, a major challenge for manufacturing and end-of
product waste.
 2016 The Authors. This is an open access article under the CC BY license (http://creativecommons.
licenses/by/4
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journal homepage: http: / /ees.elsevier.com/cirp/default .aspMicrowave pyrolysis  Decomposition of matrix using microwave heating
in an inert atmosphere
 Limited availability even at laboratory scale [15]
chamber. Description and current status of each composite
recycling technology is included in Table 1.Pyrolysis  Decomposition of matrix using conventional
heating (oven) in an inert atmosphere
 Industrial scale process available at a commercial
level, currently operated by companies such as ELG
(UK) and CFK Valley Stade (Germany) [16]
* Corresponding author.
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holamin et al. [8] processed sheet moulding compounds
Cs) glass ﬁbre composites using HVF and reported better ﬁbre
hanical properties of HVF recyclates compared to mechanical
clates. However, the full effect of HVF operating parameters on
clate quality and energy demand has not yet been explored
nsively.
High voltage fragmentation
igh voltage fragmentation was traditionally used in rock
ing applications and was ﬁrst introduced in the early 1960s
. The ultimate objective was to disaggregate rocks into
vidual constituents where high value minerals and crystals
be easily separated and retrieved. An example of this is gold
vation. The HVF uses repetitive pulse electrical discharges
in a dielectric liquid environment, normally water, to
tegrate solid material. The pulses are discharged in a very
t period between two electrodes. The solid material is held in
gap between the electrodes. When applying high voltages
–200 kV) at pulse rise time less than 500 ns, the breakdown
ngth of solid materials is lower than water. The discharge
tes a spark channel that travels between material internal
ndaries and weak regions such as external interfaces and pre-
ting cracks. The spark channel generates an intense shockwave
 high pressure (around 109–1010 Pa) and temperature (greater
 104 K) and induces internal mechanical stress which exceeds
tensile strength of solid materials [17]. This ﬁnally leads to
erial disintegration.
Research motivation
he aim of this study was to investigate the key process
ables in HVF of GFRP waste materials and then compare
clate quality and energy footprint of HVF with its competitor
the mechanical recycling process. HVF is a relatively new
nique and at the time of this study, there was no information in
ature about selecting operating parameters for recycling GFRP
posite materials.
xperimental details
Recycling processes
he glass ﬁbre reinforced unsaturated polyester composites
essed in HVF and mechanical recycling trials were supplied by
uction Glassﬁbre (UK). The composites were fabricated from
ped strand mat using hand lay-up technique and had a layer of
oat on one side. The ﬁbre length was 50 mm and the ﬁbre
me fraction was 30%.
ecycling through HVF method was carried out by both
ersities using SELFRAG laboratory scale equipment in
zheim University, Germany. The equipment setup is shown
ig. 1. The HVF has operating parameters for applied voltage
200 kV), electrode gap (10–40 mm), pulse frequency (1–
) and number of pulses. The processing chamber was ﬁlled
 3.3 l of tap water. Sample thickness or height was set to have
m safety gap from the upper electrode. Electrical pulses were
rated using a Marx generator, charging capacitor plates in
The composites were cut into smaller dimensions using a
diamond wheel cutter. GFRP sample blocks used had dimensions of
40 mm  25 mm with 9 mm thickness and weighed around 20 g.
The sample was immersed in water and located at the centre of the
processing chamber. In HVF of rocks, total applied energy was the
main variable that inﬂuenced product size distribution [19]. Pre-
liminary tests were conducted to determine minimum applied
voltage for the spark energy to be released and number of pulses
for interesting results. This was to minimise mechanical damage to
the ﬁbres as higher voltage pulses lead to higher discharge
pressure. The full tests were conducted at 160 kV applied voltage,
10 mm electrode gap and 1 Hz pulse frequency. The number of
pulses (500, 1000, 1500, 2000) was selected as a key variable to
control total energy input.
In the mechanical recycling trials, a Wittmann MAS1 mini
granulator, shown in Fig. 1 was used to process the similar
material. The granulator had a motor rated at 2.2 kW, rotor shaft of
diameter of 180 mm and rotation speed of 200 rpm. The samples
were fed through the machine hopper and processed in the cutting
chamber. Processed samples which passed the 6 mm diameter
screen size hole were retained in a collection bin. End products
consisted of ﬂakes, ﬁbres and powder rich fractions. Electrical
current consumption and voltage of the granulator was monitored
and recorded on three phases using a Fluke 434 power analyser.
2.2. Characterisations of recyclates
For ﬁbre length distribution, ﬁbres recovered from both
processes were picked randomly. The ﬁbres were separated and
spread on sticky tapes, which were placed on paper with printed
length scales. Images of the ﬁbres were captured using a ProgRes
C10 optical microscope. Magniﬁcation was adjusted accordingly to
enable long and short ﬁbres to be recorded in a single image.
Length measurements were carried out using ImageJ software. A
total of around 100 individual ﬁbres were measured for each set of
recovered ﬁbres.
Furnace treatment of recyclates was conducted to determine
the proportion of residual resin content in the recovered ﬁbres.
Ventilated ceramic crucibles were used to contain recyclates. The
Fig. 1. SELFRAG high voltage fragmentation laboratory equipment (left image) and
Wittmann MAS1 granulator (right image).llel and discharging them in series. Pulse voltage is controlled
changing the pressure of nitrogen gas surrounding the
citor plates [18]. Sensors ensure closed doors prior to pulse
ration.
n energy recording device, Schell Easycount 3, was used on the
trical supply cable of the SELFRAG machine. The device
rded total energy demand of the machine. The machine also
cated the total amount of discharged energy and number of
ated pulses. The total energy consumption and discharged
gy were used as a basis in determining the process efﬁciency of
HVF method.samples were heated for 2 h at temperature of 400 8C in a furnace
to burn off the resin. This temperature was chosen as unsaturated
polyester resin starts to degrade at temperature around 250 8C
[20]. The total loss of mass after the treatment was regarded as
amount of organic content or residual matrix in the recyclates.
Micrographs of reclaimed and virgin ﬁbres were captured using
FEI Quanta 200 scanning electron microscope. Surface characteri-
sation was performed to determine surface morphology and
presence of resin impurities. The ﬁbres were mounted on
individual aluminium pin stubs using sticky tape. The ﬁbres were
sputter-coated with 6 nm thickness of platinum layer to avoid
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images of ﬁbre surfaces were captured using a secondary electron
detector with accelerating potential of 5 kV.
3. Results and discussions
Recyclates recovered from HVF and mechanical recycling trials
are shown in Fig. 2. It can be observed that recyclates recovered
using low number of pulses (500 and 1000) contain poorly
separated portions (labelled using circles). Higher number of
pulses allows material to be treated with greater energy hence
more material liberation. Recyclates from mechanical recycling are
in forms of short ﬁbres, ﬂakes and powdered fractions.
3.1. Energy demand and processing rate
The main power source for mechanical and HVF methods is
direct electrical power. In this study, process efﬁciency of HVF was
deﬁned as ratio of total discharged energy to the total electrical
energy consumed by the machine. The process energy efﬁciencies
for trials with 500, 1000, 1500 and 2000 electrical pulses were
18.9%, 20.0%, 17.5% and 16.1% with processing rate of 0.15, 0.07,
0.05 and 0.04 kg per hour respectively. The average efﬁciency was
18.1%. The speciﬁc energy demand for 500, 1000, 1500 and
2000 electrical pulses was 17.1 MJ/kg, 35.6 MJ/kg, 60.0 MJ/kg and
89.1 MJ/kg, respectively. The best performance in term of energy
demand and efﬁciency was at 500 pulses. Mechanical recycling has
energy demand of 6.7 MJ/kg at processing rate of about 1.2 kg/
h. Both processes should be operated at maximum capacity to
utilise the basic energy demand of the machine. Future research is
needed to obtain the optimum mass loading for process efﬁciency
in HVF processes.
3.2. Fibre length distribution
Measured length distributions for ﬁbres recovered from the
HVF method are plotted in Fig. 3. High number of pulses (2000) led
to high amount of short ﬁbres with narrower distribution
compared to distribution using lower number of pulses. From
recyclates, if separated into length sizes, could have a hig
degree of reinforcement in new composite products compare
the shorter ﬁbres recovered from the mechanical method. Mos
the recovered ﬁbres from both methods were lengths less t
5 mm. Recyclates from both methods are suitable for short ﬁ
applications such as bulk moulding compound (BMC), sh
moulding compound (SMC) parts and as inclusions in injec
moulded products.
3.3. Residual resin content
The results from resin burn off trials of recycled ﬁbres 
shown in Fig. 5.
Resin content in trials using 160 kV applied voltage and 2
sample weight has small variation between 32% and 3
Mechanical recycling has higher residual resin at 49–5
Operating at 2000 pulses reduces the residual resin cont
Greater number of pulses leads to less residual resin as the sam
were treated by more electrical pulses. In mechanical recycl
powder fractions which consist of resin-rich parts of the compo
Fig. 2. Fibre recovered from HVF after (a) 500 pulses, (b) 1000 pulses, (c)
1500 pulses, (d) 2000 pulses and (e) mechanical recycling (circles show partially
processed material).
Fig. 3. Fibre length distributions for ﬁbres recovered using HVF method at diffe
number of pulses.
Fig. 4. Fibre length comparison between ﬁbres recovered from mechanical and
methods.Fig. 5. Residual resin in recyclates from HVF and mechanical recycling trials.the best ﬁt gamma distribution in Fig. 3, it is clear that 2000 pulses
produce the smallest variability in terms of ﬁbre length.
Additionally, considering that the ﬁbres processed with
2000 pulses were cleaner and separated as shown in Fig. 2, this
condition was selected for benchmarking to the mechanical
process.
Fibres from the HVF method have wider ﬁbre length distribu-
tion, as shown in Fig. 4. Despite having the same mean ﬁbre length
of 2 mm as mechanical recyclates, HVF recyclates have ﬁbre spread
up to 9 mm in length. The differences were consistent when
comparing ﬁve random batches. The results suggest that that HVF
are s
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 is the reason why recyclates from mechanical recycling have
er percentage or residual resin.
Fibre morphology
ig. 6 shows SEM images for virgin ﬁbre, HVF and mechanical
clates. HVF recyclates mostly have smooth and clean surface
 traces of loosely attached residual resin. Higher amount of
 was observed for mechanical recyclate. This is in agreement
 results from resin burn off trials.
onclusions
his study has characterised HVF for a new application in
cling GFRP and compared it to its competitor the mechanical
hod. The main ﬁndings are:
F of GFRP produced cleaner ﬁbres, longer ﬁbre length
stribution, higher percentage of ﬁbres at mean ﬁbre length
d lower retained resin content than composites recycled
echanically.
sidual resin content in HVF depends on the number of
ctrical pulses applied. The highest number of pulses, i.e. 2000,
 to the lowest retained resin.
e speciﬁc energy for HVF was at least 2.6 times higher than
echanical recycling. For both processes, the energy should
duce when operating at higher recycling rates, due to better
ilisation of the basic energy which dominates.
is study clearly highlights the potential advantages of using
F over mechanical methods for the recycling of GFRP
mposite waste. Further development to upscale processing
pacity of current lab scale HVF setup is recommended. Future
rk will consider loading different masses to obtain the
timum sample weight and characterising the contamination in
e water.
 access
explaining how this data was collected and analysed is provided
in Sections 2 and 3 of this paper.
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